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Translesion DNA Synthesis: Little
Fingers Teach Tolerance
Oliver Fleck and Primo Schär
DNA synthesis on a damaged template requires
tolerant DNA polymerases. Crystallographic analysis
has captured a Y-family polymerase synthesizing
across an abasic site, providing insight into the mech-
anisms of DNA damage tolerance and mutation.
Before a cell can divide, it must ensure that its
daughters will receive an identical copy of their genome
so that the chain of inheritance is maintained. Genome
duplication is accomplished by efficient DNA replication
machines which, in a human cell, manage to synthesize
billions of nucleotides within a few hours and with a
fidelity of less than one error every billion steps. At the
heart of these machines lie the DNA polymerases.
Evolution has produced a number of different types
of DNA polymerase, but they all have a similar overall
three-dimensional shape that has been likened to a
right hand, with palm, finger and thumb domains [1].
Polymerases of the A and B families, such as poly-
merase δ, replicate the bulk of genomic DNA during the
cell cycle and have been streamlined for processivity
and accuracy. These enzymes fit the DNA substrate
tightly into their active site, where the replicating base
pair is enclosed by the finger domain [2–4] (Figure 1).
The mobility of the finger domain underlies a so-called
‘induced-fit’ mechanism for checking the fidelity of
replication: only when an incoming nucleotide forms a
perfect Watson–Crick pair with the template base can
the fingers close and induce an active conformation of
the polymerase. If, nevertheless, an erroneous nucleo-
tide happens to be incorporated, the polymerase
responds with conformational distortions of its active
centre. These induce replication pausing and translo-
cation of the primer terminus towards the intrinsic
‘proofreading’ exonuclease activity, which removes the
mispairing base so that synthesis can resume [5,6].
In any cell, however, the genomic DNA has damage
that is incompatible with the formation of smooth
Watson-Crick base pairs. This applies particularly to
abasic sites, which arise as a consequence of sponta-
neous base hydrolysis or via the excision of damaged
bases by DNA glycosylases [7]. Estimates put the
number of such events at 10,000 per mammalian cell
per day, most of which will be repaired by base
excision repair pathways. Some, however, will persist
and impede DNA replication by stalling the replicative
DNA polymerases. The processivity and fidelity of
these enzymes seems of little help when it comes to
traversing a truly non-instructive lesion. What, after all,
is the purpose of fidelity when facing a lost identity?
Bypassing such lesions requires specialists that
provide tolerance to aberrant DNA structures and
creativity in interpreting non-instructive lesions. For this
reason, evolution has created the Y-family of DNA poly-
merases, the most prominent member of which is poly-
merase η, defective in humans with xeroderma
pigmentosum variant (XP-V) [8]. Y-polymerases are
characterized by a distributive mode of action, a high
error rate when replicating non-damaged DNA and an
ability to synthesize DNA across and past a variety of
template lesions [9]. In addition to the universal thumb,
palm and finger domains, they have a unique carboxy-
terminal domain, their ‘little finger’ [10,11]. The palm
and finger domains form a spacious active site, accom-
modating the DNA substrate through a few, largely non-
specific contacts. The thumb and little finger domains
grip the duplex portion of the DNA from the minor and
major groove sides, respectively. Together, the open
active site geometry and a relaxed dependency on spe-
cific DNA interactions result in the ability of these poly-
merases to tolerate DNA substrate distortions at or
beyond the active site [10–14].
Recent crystallographic work by Ling et al. [15]
shows the archaeal Y-polymerase Dpo4 traversing an
abasic site. A series of three-dimensional structures
depicts a sequence of enzyme–DNA configurations
which, together, compose a dynamic view on the
translesion synthesis process. Translesion synthesis
starts with the incorporation of a nucleotide across
from a template lesion. This situation is captured in a
crystal, revealing that the polymerase does all it can to
avoid the awkward task of matching a partner to the
faceless abasic site: it distorts the template strand and
loops out the lesion into the open space between the
finger and the little finger domains, which allows the
incoming nucleotide to form a Watson-Crick base pair
with the base 5′ to the abasic site. This structure illus-
trates beautifully how the open active site geometry of
this Y-polymerase facilitates instructed DNA synthesis
across a truly non-instructive lesion.
Exactly how the polymerase then accomplishes
extension of the newly generated primer terminus is
captured in two more structures. These show that,
depending on whether the abasic site maintains an
extrahelical configuration or not, the outcome can be a
–1 frameshift mutation or a base substitution, respec-
tively (Figure 1). The latter can occur because the gen-
erous spatial design of the active site facilitates
realignment of the DNA strands, which can result in the
translocation of the newly incorporated nucleotide
opposite the abasic site in the template strand. In either
case, efficient extension of the primer terminus requires
the active site be resistant to inactivation by DNA dis-
tortions. Such steric inactivation is precisely what helps
high-fidelity polymerases avoid infidelity. These
enzymes use the mobile finger to toggle between the
active and inactive states, depending on whether or not
the DNA substrate is perfectly base-paired with a
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smooth minor groove surface [16]. Such fidelity check-
ing seems of little use if template DNA lesions need to
be bypassed, which may explain why the fingers of Y-
polymerases are stubby and stiff, and maintain an
active conformation irrespective of the DNA structure in
the active site [10,11].
The template realignment mechanism predicts a
specific spectrum of base substitutions induced at
abasic sites, reflecting the use of the 5′ neighbouring
base to instruct DNA synthesis. Does this ‘5′-rule’
put the famous ‘A-rule’ out of business [17]?
Unlikely, as there is abundant supporting evidence
for the A-rule. Also, Dpo4 was reported preferentially
to incorporate A opposite an abasic site [18], and
two more structures presented by Ling et al. [15]
testify to the possibility of Dpo4 inserting a non-tem-
plated A opposite an abasic site. There thus remains
some uncertainty as to whether the A-rule or the 5′-
rule apply, but this should be resolved by a few more
structural snapshots.
Lastly, a word about the little finger. A non-produc-
tive ternary complex of Dpo4 with DNA substrate and
dideoxy-ATP captured the little finger rotated towards
the finger domain by 56°. This closes the entry channel
of the template strand, forcing it into a distorted con-
formation. The rotation also shifts the little finger away
from the major groove of the DNA duplex region, reduc-
ing the overall contact surface between Dpo4 and the
DNA. This moving of ‘fingers’ is rather reminiscent of
the ‘induced-fit’ mechanism of high-fidelity poly-
merases, although in that case it is the finger domain
that moves. In both cases, however, the conformational
change modulates the polymerase activity in a DNA-
substrate-dependent manner. A perfect fit of the repli-
cating base pair is not critical for translesion synthesis,
but gripping the duplex portion of the DNA substrate
might well be, facilitating optimal DNA substrate align-
ment and orientation for catalysis. Thus, instead of an
‘induced-fit’ mechanism for fidelity checking, the Y-
polymerases might employ an ‘induced-grip’ strategy
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Figure 1. DNA replication across an
abasic site.
A DNA polymerase can be viewed as a
right hand, with domains: thumb (green),
palm (red), finger (blue), and, in the case
of Y-family polymerases such as Dpo4, a
little finger (purple). (A) Hydrolysis of
guanine generates an abasic site. (B) Pol
δ synthesizes DNA during replication. The
template adenine is bound at the pre-
insertion site of the finger, Pol δ is in the
open, inactive form. (C) Translocation of
the template adenine to the insertion site
and pairing with the incoming dTTP
induces a conformational change to the
closed active form. (D) After incorporation
of thymine, Pol δ translocates to the next
template base, here an abasic site. Pol δ
stalls because of structural distortions in
the DNA template and the failure to
assume the closed conformation. 
(E) Rarely, Pol δ manages to incorporate a
nucleotide (mostly adenine, the ‘A rule’)
opposite the abasic site, but is then
unable to extend the new primer terminus.
(F) This can be accomplished by Pol ζ
after a polymerase switch. (G) Mostly, the
stalled Pol δ is replaced by a Y family
polymerase. Because of its open geo-
metry and the rigid structure of its active
site, supported by the little finger domain,
a Y polymerase is able to tolerate the
abasic site. It loops out the lesion so that
the base 5′ (guanine in this example) can
instruct incorporation of a nucleotide —
the ‘5′ rule’. (H) Primer extension in this
situation results in deletion of one
nucleotide. (I) Primer–template realign-
ment repositions the newly incorporated
nucleotide opposite the abasic site. This
can, upon primer extension, lead to error-
free bypass (as shown) or to base substi-
tution when the base 5′ to the abasic site
differs form the one that was lost. After
synthesis of several nucleotides (F, H, I)
and another polymerase switch, Pol δ can
resume regular DNA synthesis.
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to provide for flexible template–primer positioning in
their active site. Could it then be that the structure of
the non-productive Dpo4–DNA complex indicates the
end of tolerance?
It is amazing to watch translesion synthesis
polymerases making mutations! In the light of such
beautiful work, however, we must not forget that transle-
sion synthesis in cells is a complex process, accom-
plished by the concerted action of multiple DNA
polymerases and a large entourage of auxiliary proteins.
Unravelling the underlying mechanisms of coordination
will be a fascinating task and keep our little fingers busy.
References
1. Hübscher, U., Maga, G., and Spadari, S. (2002). Eukaryotic DNA
polymerases. Annu. Rev. Biochem. 71, 133-163.
2. Ollis, D.L., Brick, P., Hamlin, R., Xuong, N.G., and Steitz, T.A. (1985).
Structure of large fragment of Escherichia coli DNA polymerase I
complexed with dTMP. Nature 313, 762-766.
3. Doublie, S., Tabor, S., Long, A.M., Richardson, C.C., and
Ellenberger, T. (1998). Crystal structure of a bacteriophage T7 DNA
replication complex at 2.2 Å resolution. Nature 391, 251-258.
4. Li, Y., Korolev, S., and Waksman, G. (1998). Crystal structures of
open and closed forms of binary and ternary complexes of the large
fragment of Thermus aquaticus DNA polymerase I: structural basis
for nucleotide incorporation. EMBO J. 17, 7514-7525.
5. Carver, T.E., Jr., Hochstrasser, R.A., and Millar, D.P. (1994). Proof-
reading DNA: recognition of aberrant DNA termini by the Klenow
fragment of DNA polymerase I. Proc. Natl. Acad. Sci. USA 91,
10670-10674.
6. Kunkel, T.A., and Bebenek, K. (2000). DNA replication fidelity. Annu.
Rev. Biochem. 69, 497-529.
7. Lindahl, T. (1993). Instability and decay of the primary structure of
DNA. Nature 362, 709-715.
8. Friedberg, E.C., Wagner, R., and Radman, M. (2002). Specialized
DNA polymerases, cellular survival, and the genesis of mutations.
Science 296, 1627-1630.
9. Goodman, M.F., and Tippin, B. (2000). Sloppier copier DNA poly-
merases involved in genome repair. Curr. Opin. Genet. Dev. 10, 162-
168.
10. Ling, H., Boudsocq, F., Woodgate, R., and Yang, W. (2001). Crystal
structure of a Y-family DNA polymerase in action: a mechanism for
error-prone and lesion-bypass replication. Cell 107, 91-102.
11. Silvian, L.F., Toth, E.A., Pham, P., Goodman, M.F., and Ellenberger,
T. (2001). Crystal structure of a DinB family error-prone DNA poly-
merase from Sulfolobus solfataricus. Nat. Struct. Biol. 8, 984-989.
12. Ling, H., Boudsocq, F., Plosky, B.S., Woodgate, R., and Yang, W.
(2003). Replication of a cis-syn thymine dimer at atomic resolution.
Nature 424, 1083-1087.
13. Ling, H., Sayer, J.M., Plosky, B.S., Yagi, H., Boudsocq, F.,
Woodgate, R., Jerina, D.M., and Yang, W. (2004). Crystal structure
of a benzo[a]pyrene diol epoxide adduct in a ternary complex with
a DNA polymerase. Proc. Natl. Acad. Sci. USA 101, 2265-2269.
14. Kokoska, R.J., Bebenek, K., Boudsocq, F., Woodgate, R., and
Kunkel, T.A. (2002). Low fidelity DNA synthesis by a y family DNA
polymerase due to misalignment in the active site. J. Biol. Chem.
277, 19633-19638.
15. Ling, H., Boudsocq, F., Woodgate, R., and Yang, W. (2004). Snap-
shots of replication through an abasic lesion; structural basis for
base substitutions and frameshifts. Mol. Cell. 13, 751-762.
16. Johnson, S.J., and Beese, L.S. (2004). Structures of mismatch repli-
cation errors observed in a DNA polymerase. Cell 116, 803-816.
17. Strauss, B.S. (1991). The 'A rule' of mutagen specificity: a conse-
quence of DNA polymerase bypass of non-instructional lesions?
Bioessays 13, 79-84.
18. Kokoska, R.J., McCulloch, S.D., and Kunkel, T.A. (2003). The
efficiency and specificity of apurinic/apyrimidinic site bypass by
human DNA polymerase eta and Sulfolobus solfataricus Dpo4. J.
Biol. Chem. 278, 50537-50545.
Current Biology
R391
